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Abstract 1.0 Introduction

Plasma source ion implantation (PSll) is a non line of sight  There currently exists a broad range of applications f
process for implanting complex shaped targets without the need fgvhich the ability to produce an adherent, hard, wear ar
complex fixturing. The breakdown initiation of materials coatedcorrosion-resistant coating plays a vital role. Thes
with diamond-like carbon (DLC) produced by PSII occurs at defectgpplications include engine components, orthopedic devic
in the DLC which expose the underlying material. To summarizgexytile manufacturing components, hard disk media, optic
these findings, a galvanic couple is established between the coatiegatmgs, and cutting and machining tools. Plasma-based
and exposed material at the base of the defect. Pitting and oxidatigp, 51, processing can play an important role in all of the
of the base metal leads to the development of mechanical Stresstgl:hnologies. The ability to provide flux, energy, and tempor
the coating and eventually spallation of the coating. This PapeL, i, of a variety of ions, provides an avenue to tailor surfa
presents our current progress in attempting to mitigate thgtructure and chemistry r;ecessary to solve current and fut
breakdown of these coatings by implanting the parent material prior

to coating with DLC. Ideally one would like to implant the parentp_rk())l:’ller_nsI related_ to Icor.rosllon' _surface hl?rdnebsl.s ha
material with chromium or molybdenum which are known totrl ological properties. lon implantation is a well establishe

improve corrosion resistance, however, the necessar|PnPeam based surface modification technique which has b
organometallics needed to implant these materials with PSII areuccessfully used to enhance materials engineeri
not yet available. Here we report on the effects of carbon, nitroge@eformance in areas such as, hardness, friction anq Wi
and boron implantation on the susceptibility of PSII-DLC coatedracture toughness, and corrosiothPlasma source ion
mild steel to breakdown. implantation (PSIl) developed by J.R Confadt the
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Fig_ 1: RBS profiles showing the implantation profiles for B*, N*, and C* implanted samples. The smooth curve simulates
the RBS spectra for unimplanted C1018. The implantation profiles for each ion is inferred from the reduced yield in
the RBS spectra in the energy range of 1.26 to 1.53 MeV. A lower yield corresponds to a higher concentration of the
implanted ion.

University of Wisconsin is a non-line-of-sight process forimplant these materials in PSII are not yet available. Here
implanting complex shaped targets without the need foreport on the effects of carbon, nitrogen, and borc
complex fixturing and, therefore, is a unique method foimplantation on the susceptibility of PSII-DLC coatings t
coating materials to be used in engineering applications. breakdown.

The breakdown mechanism for PSII diamond like carbon
coatings, on CVD nickélhas been investigated with 2 Q Experimental
electrochemical impedance spectroscopy. Examination in
buffer solutions revealed the presence of small defects in the Carbon steel C1018 samples were ground wit

DLC presumably formed in the deposition processy . essively finer grits of SiC followed by polishing with
Breakdown of the DLC coating occurred rapidly in chloride | mina on a polishing wheel. The final polish was 0.3 pi
solution. However, breakdown failed to initiate in chlorides ;| mina. After polishing, the samples were ultrasonical

solution buffered with sodium borate. cleaned in acetone, followed by methanol. After cleanin.
It was concluded that the first step in the breakdownyome samples were placed in a beamline ion implantati
mechanism is the preferential dissolution of Ni from thechamber and implanted with eithet, B*, or C" at 35 keV.
bottom of a pore in the DLC. Although both the Ni dissolutionggron ions were generated by flowing G@hs over boron
and oxygen reduction reactions may initially occurpowder at 600°C. Gaseous boron-chlorine compounds -
simultaneously inside the pore, due to restricted diffusiornsgrmed and used to generate the 1bBam. Nitrogen and
oxygen is eventually depleted from the pore. Because th€yrhon ions were generated from, Bind CQ gases,
boldly exposed DLC is capable of supporting the cathodigespectively. The implantation produced near surfac
reaction and only anodic reactions are taking place in the porggncentration profiles as seen in Figure 1. The retained |
a galvanic couple is established. To maintain charge neutralifoses were 3.1, 1.2, and 2.0 *"#0-cn? respectively for B,
(in the absence of hydroxyl formation), CI- must migrate intoN, and C. While these elements were chosen because of
the pore causing the chloride concentration to increase suelbility to form secondary phases with iron, no heat treatme
that the pitting potential of Ni is decreased to that of the coupiyas employed to form these phases. In addition, no atter
potential. This formation of a critical propagation solution iswas made to identify their presence. Other C1018 samp
considered to be the second step in the breakdown procagere placed in a PSIlI chamber and sputter-cleaned with
and must occur to maintain the corrosion reaction, otherwisgans, implanted with carbon ions from a methane plasma, a
the Ni substrate will passivate. Ar sputter-cleaned again to remove any carbon depo
This paper presents our current efforts to mitigate theesulting from the implantation process. DLC was the
breakdown of DLC coatings produced by PSII. Specificallydeposited onto this surface from an RF plasma of acetyle
ion implantation of the surface prior to DLC deposition hag4.5 mTorr total pressure). The final DLC thickness wa
been evaluated as a method for mitigating breakdown. Ideallgpproximately 4 to 5 ufi?. Transmission electron microscopy
one would like to implant the parent material with chrome oiof similar specimens have shown the DLC structure to |
molybdenum which are known to improve corrosionamorphous! The DLC coating had a density of 1.9 g-cm-!
resistance, however, the necessary organometallics neededitwl consisted of approximately 70 at% C and 30 at% hydroc
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Fig_ 2: Potentiodynamic polarization curves for as polished and N* implanted C1018 steel in borate buffered 0.005 M
NacCl (pH 8.2).
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Fig. 3: Potentiodynamic polarization curves for as polished and N* implanted C1018 steel in 0.001 M sodium sulfate pH 8.2.

(H). The C:H ratio was found to greatly effect coatingcontamination, a mercury / mercury sulfate reference electrc
properties with lower hydrogen content yielding coatings with(MMSE; +0.640 V vs. normal hydrogen electrode (NHE)
the highest hardness values. The C:H ratio also effected coatings used with non-chloride containing solutions. In chloric
resistivity and adhesion. The hardness of the DLC coatingsontaining solutions a saturated calomel electrode (SC
examined was found to be to directly proportional t& sp+0.241 vs. NHE) was used. For the sake of clarity, all potenti
content. The DLC coating had a hardness of about 12 GRae referenced vs SCE.
and an spcontent of ~20%.

Electrochgmigal experiments were conducted in 0.183 0 Results and Discussions
molar (M) boric acid / 0.0375 M sodium borate pH 8.2, 0.15
M boric acid / 0.0375 M sodium borate / 0.005 M sodium .
chloride pH 8.2, 0.001 M sodium sulfate pH 8.2, and AsTmS-1 Effécts of N 7, C*, and B* Implantation
artificial ocean water pH 8.2. Potentiodynamic polarization
curves were run at a scan rate of 0.2 mVEsectrochemical Typical potentiodynamic polarization curves for N
impedance spectroscopy (El®)easurements were implanted C1018 in 0.005 M NacCl / borate buffer solutio
performed at the open circuit potential over the frequencfnd 0.001 NzBO, are presented in Figures 2 and 3 respective
range of1x103 to 1x10 Hz. To eliminate chloride As seen in Figure 2 no plttlng pOtential for thEINpIanted
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Fig_ 4: Optical micrograph of a typical corrosion pit found in N* implanted C1018 steel after potentiodynamic polarization of
the sample above the pitting potential. The concentric rings around the pit are believed to be corrosion product.
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Fig_ 5: Potentiodynamic polarization curves for as polished and C* implanted C1018 steel in borate buffered 0.005 M
NaCl (pH 8.2).

sample in Clsolution was observed. Moreover, no positiveCl- solution. To the contrary, at all applied anodic potentia

hysterysis during the reverse scan was observed indicatirggtive dissolution of the*Bmplanted sample was observed

active pitting of the sample was not occurring above the OCP.

However, some small corrosion pits were observed in th8.2 Corrosion of C * Implanted C1018

surface of the Nimplanted sample after the polarization Coated with DLC

experiment as seen in Figure 4. This is an indication that N+

implantation does not effect initiation but rather, propagation.  gode magnitude phase plots for C1018 steel implant

In Na,SO, solution active dissolution was observed for bothyth C* and then coated with DLC are presented in Figures

the implanted and as polished samples at all applied anodite solution used for these experiments was ASTM artifici

potentials. Similar results were obtained fori@planted  seawater. As can be seen in this figure, three time const

C1018 samples as seen in Figures 5. appear in the EIS data. The equivalent circuit EC used to mo
Typical potentiodynamic polarization curves fot B this behavior is presented in Figure 8. This EC diffel

implanted and as polished C1018 in 0.005M NaCl / boratsomewhat from earlier modéldn this system the intrinsic

buffer solution are presented in Figure 6. As seen in this Figuedectrical properties of the DLC layer are represented by t

B* implantation offers no improved corrosion resistance irelements G _and R _where the superscript ‘i’ represents
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Fig_ 6: Potentiodynamic polarization curves for as polished and B* implanted C1018 steel in borate buffered 0.005 M

NacCl (pH 8.2).
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Fig_ 7: (a) Bode magnitude and (b) Bode phase plots for DLC coated C1018 steel in ASTM artificial seawater as a function
of immersion time. Note that the C1018 sample was implanted with C* prior to coating with DLC.
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Fig_ 8: Equivalent circuit used to model the EIS data where: C') . and R’ . represent the intrinsic electrical properties of
the DLC layer, C'_. and R'_, represent the capacitance and charge transfer resistance of the DLC, C'; and R’

double layer capacitance, and © represents the fraction of surface covered by these pinholes.

corr

“intrinsic”. This layer acts in series with the charge transferimplanted, no coating) showed marked improvement in tl
reaction occurring at the DLC/solution interface representedusceptibility to pitting corrosion while *Bmplantation
by the elements'G; . and R, . which model the capacitance displayed active dissolution at all anodic potentials. Althouc
and charge transfer resistance of the DLC. The elemeng&s polished C1018 steel had a pitting potential ¢
representing the DLC layer and DLC act in parallel with smalkpproximately 0.11 V SCE, no pitting potential was observe
“pinholes” in the DLC (less than 20 um in diameter). Thesein C* and N implanted samples. Moreover, no positive
pinholes expose either the carbon implanted layer, a very thitysteresis in the anodic polarization curves foraGd N
DLC layer or, a combination of both. As will be shown laterimplanted samples was observed indicating that
in this paper, these pinholes act as initiation sites for breakdovgfopagation was not occurring. However, a few small pi
and are, therefore, associated with a double layer capacitan&gre observed in the implanted samples after potentiodynar
and corrosion resistancejdlcand Rcorr respectivew. The polarization indicating that Gand N implantation does not
fraction of surface covered by these pinholes is define@l by effect initiation but rather, propagation.
and the fraction of surface covered by DLC is defined by 1- ~ The breakdown of Omplanted C1018 steel coated with
o. The Observed (measured W|th E|S) parameters W||DLC in ASTM artiﬁcial Seawater was inVeStigated W|th EIS
necessarily scale wit. These ‘observed’ elements are IN comparison to DLC coated Ni samples, breakdown w
represented by a superscript ‘0. For exampfe; R R/ delayed. However, the relative Iifgtimg ofimplgnteq DLC
@andR__=R_ _/(10). coated steel is still short for engineering applications. Afti

As seen in Figure 7 little change in the EIS data wa$0 days of immersion a dramatic Qecrease in the Iowfreque_r
observed for the first 20 days of immersion. In comparisondata was observed. After removing the sample from soluti
the breakdown of DLC coated CVD Ni in a solution with the sample was covered with copious gmounts of corrosi
lower Ct concentration occurred in only 24 hrs. Unfortunately,Product. Moreover the DLC was flaking off of the stee
the relative lifetime of Cimplanted DLC coated steel is still SuPstrate as in filaform corrosion.
short for engineering applications. As seen in Figure 7, after
60 days of immersion a dramatic decrease in the low frequen&.0 Acknowledgments
data was observed. In addition, the EIS response after 60 days
clearly does not fit the EC model presented in Figure 8. After  Work on this project was performed under the auspic
removal from solution the sample was covered with copiousf the University of California for the U.S. Department o
amounts of corrosion product. Moreover the DLC was flakingEnergy contract W-7405-ENG-36. N.P. Baker, K.C. Walte
off of the steel substrate as in filiform corrosion. and M. Nastasi are funded by the DOE office of Basic Ener

Science.
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